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ABSTRACT 
Following controlled photodeprotection of a 2-nitrophenylpropyloxycarbonyl-protected 
(aminopropyl)triethoxysilane (NPPOC-APTES) film and subsequent derivatization with a 
bromoester-based initiator, poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC) brushes with 
Page 1 of 20
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 2 
various grafting densities were grown from planar silicon substrates using atom transfer radical 
polymerization (ATRP). The grafting density correlated closely with the extent of deprotection of 
the NPPOC-APTES. The coefficient of friction for such PMPC brushes was measured by friction 
force microscopy (FFM) in water and found to be inversely proportional to the grafting density due 
to the osmotic pressure that resists deformation. Deprotection of NPPOC-APTES via near-field 
photolithography using a range of writing rates enabled the fabrication of neighbouring nanoscopic 
polymeric structures with dimensions ranging from 100 to 1000 nm. Slow writing rates enable 
complete deprotection to occur, hence polymer brushes are formed with comparable thicknesses to 
macroscopic brushes grown under same conditions. However, the extent of deprotection is reduced 
at higher writing rates, resulting in the concomitant reduction of the brush thickness. The coefficient 
of friction for such polymer brushes varied smoothly with brush height, with lower coefficients 
being obtained at slower writing rate (increasing initiator density) because the solvated brush layer 
confers greater lubricity. However, when ultra-sharp probes were used for nanotribological 
measurements, the coefficient of friction increased with brush thickness. Under such conditions, the 
radius of curvature of the tip is comparable to the mean spacing between brush chains, allowing the 
probe to penetrate the brush layer leading to a relatively large contact area. 
INTRODUCTION  
Polymer brushes consist of dense layers of surface-immobilized polymers and present a flexible 
and versatile means to control surface properties. Using surface-initiated atom transfer radical 
polymerization (ATRP), highly biocompatible stimulus-responsive homopolymer or copolymer 
brushes can be conveniently prepared with controlled thickness, composition and density.
1-2
 Because 
of these attributes, polymer brushes have been used extensively as components in molecular 
assembly.
3
 Recently, there has been substantial interest in the use of polymer brushes in micro- and 
nano-systems. Combining micro- or nano-lithography with polymer synthesis
4-9
 provides a versatile 
platform for fabricating a range of devices, e.g. templates for protein or cell adhesion,
10-11
 biosensors 
with single molecule sensitivity,
12-13
 and optical components such as gratings.
14-15
  The additional 
functionality conferred by polymer brushes enables various potential applications to be explored. For 
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 3 
example, electron beam lithography was used
7
 to generate micro- and nanoscale patterns, followed 
by the construction of arrays of poly(N-isopropylacrylamide) (PNIPAAm) brush lines that are 
responsive to surrounding solvents. In a series of studies concerning nanopatterned polymer 
brushes,
16-18
 the design principles and fabrication of stimuli-responsive nano-objects suitable for 
sensing and actuation applications were explored and demonstrated.  
One effective approach to control the responsiveness of surface-immobilized polymer films is to 
manipulate the interfacial brush conformation. At low grafting densities, the isolated brush chains 
adopt a mushroom conformation. As the brush grafting density increases, the excluded volume 
interactions between neighbouring chains become sufficiently great that the chains extend well away 
from the surface to form a well-defined brush layer. Although the mushroom-to-brush transition has 
been studied extensively at the macroscopic scale, the growing interest in micro- and nano-
structured surface-immobilized polymer brushes raises important new questions regarding the 
structure-property relationships for such systems. 
Conventional characterization techniques for macroscopic (unpatterned) brushes such as 
ellipsometry are unsuitable for micro- and nano-structured brushes. Therefore, SPM-based 
techniques have been used extensively to characterize the morphology and structure of nanoscale 
brushes. Friction force microscopy (FFM), which is a variant of scanning probe microscopy (SPM), 
has been used successfully to examine the surface chemical composition and mechanical properties 
with spatial resolution at the nm scale.
19-20
 During an FFM measurement, the SPM cantilever moves 
laterally across the surface and the frictional force between the tip and the surface is monitored. In a 
recent work, we demonstrated that FFM is highly sensitive to solvent-induced changes in the 
structure of a polymer brush, because the energy dissipation mechanisms for such lateral interactions 
are very sensitive to changes in the brush conformation.
21-22
 Similar results have been reported by 
other research groups.
23-25
 For example, Li and colleagues characterized the tribological properties 
of surface grown polyacrylamide films of various crosslinking density in a series of methanol/water 
mixtures where solvent quality is controlled, and found that the frictional response is directly related 
to solvent quality and the degree of crosslinking 
24
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In the present work, photolithography has been used to construct patterned polymer brushes over a 
range of length scales that exhibit systematically varying brush grafting densities. As described in 
Scheme 1, a film of an aminosilane with a photo-removable protecting group, 
nitrophenylpropyloxycarbonyl-protected aminopropyltriethoxysilane (NPPOC-APTES) was first 
formed on a planar silicon substrate .
26
 Exposure of this adsorbate to near-UV irradiation (λmax = 325 
nm) causes quantitative deprotection of the amine group, which may then be derivatized by reacting 
with 2-bromoisobutyryl bromide (BIBB). This yields regions covered by surface-immobilized 
bromine atoms which act as initiators for ATRP. The extent of deprotection varies with UV 
exposure,
26
 hence the density of initiator sites should be controlled, in principle, simply by varying 
the UV irradiation time. Here we examine for the first time the possibility of integrating this 
approach with ATRP to control the brush density for various nanostructures. One important 
advantage of this photochemical approach is that it is compatible with the use of a near-field probe 
for patterning; this approach is known as scanning near-field photolithography (SNP) and enables 
convenient access to submicrometer length scales whereby the the brush density is organized 
spatially within nanostructures. SNP has been used to fabricate structures as small as 9 nm for 
various materials, including alkylthiolate monolayers on gold,
27
 alkylphosphonates on titania and 
alumina,
28
 and alkylsilanes on silica.
29
 In the present study, a near-field probe was used to write 
structures consisting of surface-immobilized polymer brushes by patterning the deprotection of 
NPPOC-APTES surface sites. The exposure is inversely proportional to the rate of motion of the 
probe, so the brush density can be controlled simply by varying the writing rate. A zwitterionic 2-
(methacryloyloxy)ethyl phosphorylcholine) (MPC) monomer was used to prepare the brushes, 
because it confers excellent lubricious properties,
30
 remarkable biocompatibility,
31-32
 and is 
responsive to subtle changes in solvation.
21, 33-34
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Scheme 1. Schematic diagram depicting: (a) exposure of a photolabile NPPOC-APTES surface layer 
to UV irradiation; (b) a patterned amine-functionalized film after NPPOC deprotection; (c) 
subsequent generation of initiator sites at the surface, and (d) surface-initiated ATRP of MPC.  
EXPERIMENTAL 
Materials 
Triethylamine (TEA) (>99%), α-bromoisobutyryl bromide (BIBB) (98%), copper(I) bromide 
[Cu(I)Br, 99.999%], copper(II) bromide [Cu(II)Br2, 99.999%], 2,2’-bipyridine (bpy, 99%) and 
ammonium hydroxide solution (28-30% NH3 in H2O) were purchased from Sigma-Aldrich (Dorset, 
UK). N-(2-(2-Nitrophenyl)propan-1-oxycarbonyl)-3-aminopropyl)triethoxysilane (NPPOC-APTES) 
films were synthesized as described previously.
26
 2-(Methacryloyloxy)ethyl phosphorylcholine 
monomer (MPC, > 99% purity) was kindly donated by Biocompatibles UK Ltd and was used as 
received. Sulfuric acid (1.83 S.G. 95+%), hydrogen peroxide solution (100 volumes 30+%), absolute 
ethanol (99.8+%), dichloromethane (DCM; HPLC grade) and toluene (HPLC grade) were supplied 
by Fisher Scientific (Loughborough, UK). Cover slips (22 mm x 64 mm No. 1.5) were supplied by 
Menzel-Gläser. 
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Preparation of silane films 
All glassware used in the formation of films was first cleaned by immersion in piranha solution, 
which is a mixture of 30% hydrogen peroxide and 95% concentrated sulfuric acid in a 3:7 volume 
ratio, for at least 40 min. (Caution: piranha solution is an extremely strong oxidising agent which 
has been known to detonate spontaneously upon contact with organic material). All glassware was 
rinsed thoroughly with deionized water (Elga Pure Nanopore, 18.2 MΩ cm) at least six times and 
then sonicated for 10 min before drying overnight in an oven set at 80 °C.  
Particular attention was paid to cleaning glass slides. Before immersion in piranha solution, slides 
were sonicated first in toluene, then in acetone, and finally in deionized water for 15 min. After 
treatment with piranha solution, slides were rinsed with deionized water and then immersed in RCA 
solution, a 1:1:5 (volume ratio) mixture of 30% hydrogen peroxide, ammonium hydroxide (28-30% 
NH3 basis) and deionized water for 30 min. at 80 °C Slides were then rinsed thoroughly with 
deionized water before placing in an oven to dry at 80 °C. 
Clean dried glass slides were subsequently immersed in a 1 mM solution of NPPOC-silane in 
toluene for 24 h. The treated slides were then rinsed in ethanol, sonicated in toluene and dried under 
a stream of dry nitrogen. 
Photolithography and polymerization 
Photodeprotection at the nm scale was conducted using an AlphaSNOM scanning near-field 
optical microscope (WiTec, Ulm, Germany), coupled with a He-Cd laser (IK3202R-D, Kimmon, 
Tokyo, Japan) operating at a wavelength of 325 nm. WiTec AlphaSNOM cantilever-type probes 
were used (WiTec, Ulm, Germany). Customized scripts were commissioned to translate the probe 
over the film at various rates (1 – 1000 µm/s). This protocol produces lines with various degrees of 
deprotection of the NPPOC groups. To fabricate micrometer-sized patterns, electron microscopy 
grids (Agar, Cambridge, UK) were used as a convenient mask at a laser power of 7.6 mW. NPPOC 
silane films were exposed to UV irradiation for 5 – 120 s (corresponding to doses in the range 0.2 – 
4.7 J cm
–2
) to produce various degrees of deprotection, which results in the formation of 
homogeneous brush layers with differing grafting densities.  
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After photolithography, the patterned planar substrates were placed under a nitrogen atmosphere 
using three pump-refill cycles of up to twelve Schlenk tubes in a Radley’s Carousel 12 Plus Reaction 
Station. For the polymerization solution, MPC monomer, bipy, CuBr and CuBr2 were used at a 
relative molar ratio of 60:2.8:1:0.3. Ultrapure deionized water was deoxygenated via a nitrogen 
purge for at least 30 min. MPC was weighed into a flask, which was then sealed and deoxygenated 
with dry nitrogen. Known masses of CuBr, CuBr2 and bipy were then added to the flask. The 
deoxygenated water was added via syringe to produce an aqueous solution, which was sonicated for 
15 min to aid dissolution. This reaction solution was then injected into the twelve Schlenk tubes, 
making sure to cover the planar substrates completely. MPC polymerization was terminated after 30 
min by exposure to air, which oxidized the brown Cu(I) ATRP catalyst to form an inactive blue 
Cu(II) species. The PMPC brush-coated planar substrates were rinsed with methanol and ultrapure 
deionized water in turn and then sonicated for 5 min while immersed in a 1:1 acetone/water mixture, 
followed by drying under a stream of nitrogen gas.  
Ellipsometry 
A phase-modulated spectroscopic ellipsometer (M-2000V, J.A. Woollam Inc., USA) was used to 
measure the mean PMPC brush thickness. Samples were positioned in a measurement chamber filled 
with 15 mL ultrapure water. The refractive index for PMPC was estimated using the Cauchy 
parameters An = 1.4778 and Bn = 0.004775 µm
2
, as obtained from a previous study.
33
 The brush layer 
was modelled as a single slab of variable thickness using the completeEASE software package (J. A. 
Woollam Inc.). Due to its highly swollen nature in a good solvent, the refractive index of the brush 
layer is between that of the pure dry PMPC chains and that of the water, and is modeled using a 
linear effective medium approximation (EMA). The refractive index of water was approximated 
using Cauchy parameters of An = 1.3242 and Bn = 0.003064 µm
2
.  
Friction force microscopy 
Friction force measurements were conducted using a Digital Instruments Multimode atomic force 
microscope equipped with a Nanoscope IV controller (Bruker, Cambridge, UK) operating in contact 
mode. The friction response was determined from friction loops acquired by obtaining forward-
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 8 
reverse scan cycles with the microscope employed in scope mode. The friction signal was obtained 
by subtracting the mean signals in both directions, giving a resultant force that is twice the frictional 
force. The scan size was adjusted depending on the polymer brush width, while the scan rate was 
maintained at 1000 nm s
–1
. A liquid cell fitted with a silicone O-ring was used for all measurements. 
Two types of SPM cantilevers of differing tip radii (MLCT and SNL, Veeco, Cambridge, UK) 
were used. Unless specifically mentioned, MLCT cantilevers were used in this study. Cantilever 
spring constants were determined by recording their thermal spectra following the method developed 
by Hutter and Bechhoefer.
35
 The lateral signal was converted from voltage to force by using the 
wedge method, in which the cantilever is scanned across a calibration grating (TGF11, MikroMasch, 
Tallinn, Estonia) and the friction signal is measured as a function of applied load.
36-37
 The tip radius 
was characterized by translating the probe across a calibration grating (TGG01, Mikromash, Tallinn, 
Estonia) at scanning angles of 0° and 90°. 
RESULTS and DISCUSSION 
Effect of grafting density  
To examine whether the brush grafting density can be controlled by photolithography, films 
formed by the adsorption of NPPOC-APTES on borosilicate substrates were exposed to UV 
irradiation followed by contact angle measurements, as shown in Figure 1a. The contact angle of the 
as-prepared film was 66 ± 2º, and a gradual reduction in contact angle was observed with exposure 
time, reaching a minimum value of 58.8 ± 0.4º. The photochemical deprotection of NPPOC-APTES 
films has been studied extensively,
26
 showing that deprotection is quantitative after exposure at 325 
nm leading to surfaces that exhibit identical reactivity to control surfaces formed by the adsorption 
of APTES. The contact angle changes observed here, and the rates of change, are consistent with the 
previous work.
26
 In the present work, samples were categorized according to their UV dose, as 
determined by the output power of the UV source, the exposure time, and the area of illumination. 
While the change in contact angle is relatively modest, it is nevertheless significant compared to the 
experimental uncertainty, which enables the extent of surface modification to be conveniently 
monitored. 
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 9 
After UV irradiation, each planar surface was derivatized by reaction with BIBB to introduce 
surface initiator sites, followed by surface-initiated polymerization of MPC. Previous work on 
NPPOC-APTES
26
 and related nitrophenyl protecting groups
38
 has demonatrated that quantitative 
deprotection is achieved at full exposure, and that the reactivity of deprotected APTES is 
indistinguishable from that of control surfaces formed by the direct adsorption of APTES. A direct 
measurement of the brush molecular weight is not usually feasible for polymer chains grown from a 
planar substrate.
39
 However, the volume fraction of polymer chains within the brush layer can be 
calculated from ellipsometric measurements. When a hydrophilic PMPC brush is exposed to a good 
solvent such as water, the swollen brush layer consists of both PMPC and solvent molecules, and its 
refractive index lies between that of the pure solvent and that of dry PMPC. Hence a linear effective 
medium approximation (EMA) model was used to interpret the ellipsometric data. The EMA model 
contains two variables: the thickness of the swollen brush layer d and the volume fraction of 
polymer chains in the swollen layer ψ. The mass of grafted polymer chains per unit surface area (Γ), 
is defined as
33
  
Γ = ρ ϕ p (z)dz
0
d
∫ , (1) 
where ρ is the density (solid-state) of pure PMPC, φp is the polymer volume fraction which is 
dependent on the distance from the underlying surface, z is the distance from the surface. The 
equation can be simplied as  
 (2) 
because the density profile is presumed as constant in the single-slab model. The adsorbed mass of 
PMPC chains in the brush layer, normalized to that of the polymer layer grown from the fully 
deprotected film (after ~ 4.7 J cm
–2
 UV irradiation), is presented as a function of UV dose in Figure 
1b. Clearly, there is a close correlation between the normalized mass of PMPC and the contact 
angle: both parameters change rapidly up to 1.6 J cm
–2
 and then more slowly, approaching a limiting 
value at a dose of between 3 and 5 J cm
–2
. As the contact angle declines, the fraction of deprotected 
adsorbates (ie. The fraction of free amines available for reaction with BIBB) increases; the density 
Γ = ρdψ
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of initiators thus increases in proportion to the decrease in the contact angle. Hence, comparing the 
data in Figures 1a and b we can infer that the polymer chain density is proportional to the extent of 
deprotection of NPPOC-APTES. Controlled photodeprotection of NPPOC-APTES is thus an 
effective means of preparing polymer brushes of varying grafting density. 
Frictional coefficients were determined for PMPC brushes immersed in water as a function of their 
surface grafting density, by measuring gradients from plots of the friction force against applied load. 
Figure 1c shows the variation in coefficient of friction with the UV dose. PMPC brushes exhibit 
substantial lubricity in a good solvent such as water.
21, 30
 This is attributed to the osmotic pressure 
that results from binding of solvent molecules to such zwitterionic polymer chains.
40
 This osmotic 
pressure resists deformation of the PMPC chains by the SPM tip, so that the energy dissipated in 
plowing friction is reduced. It has been estimated that there may be up to 25 water molecules 
associated with each PMPC monomer unit.
41-42
 These water molecules prevent significant 
deformation of the extended PMPC chains, hence reducing the amount of energy dissipation under 
an applied load. The coefficient of friction is reduced as the UV dose is increased, because this leads 
to a higher surface density of amine groups, which results in a larger number of initiator sites being 
available for polymerization. As the surface density of PMPC chains increases, there is a 
corresponding increase in the osmotic pressure that resists brush deformation.  
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Figure 1. (a) Contact angle of NPPOC-protected silane film after UV irradiation; (b) ratio of 
adsorbed mass of PMPC brush to that of the brush grown from the fully deprotected monolayer; (c) 
coefficients of friction determined for homogeneous PMPC brush layers immersed in water as a 
function of the UV irradiation dose. The adsorbed mass indicates the PMPC brush grafting density. 
There is an initial rapid reduction in the coefficient of friction (µ) for UV doses of up to 1.6 J cm
–2
, 
but thereafter µ decreased more slowly, reaching a limiting value of 0.020 at between 3 and 5 J cm
–2
, 
which is consistent with the observed change in the normalized brush volume fraction of PMPC in a 
swollen brush. The correlation between the variation in coefficient of friction and the contact angle 
with UV dose is striking, suggesting that the brush density is directly related to the surface amine 
concentration obtained after deprotection: at the highest UV doses, the NPPOC surface groups are 
extensively deprotected and an extended brush structure is most likely formed on exposure to water. 
The data shown in Figure 1 indicates a relatively decrease change in the coefficient of friction as the 
density of grafted polymers increases. 
Micropatterned brushes 
To produce patterned PMPC brushes on the µm scale, NPPOC-protected silane films were 
irradiated using a mask, followed by the same surface ATRP protocol as that used to prepare  
homogeneous (unpatterned) PMPC brushes. Figure 2a shows a SPM height image of a 
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representative sample. A cross-sectional analysis of the patterned brush layer, corresponding to the 
black line in Figure 2a, is presented in Figure 2b. Quantitative friction measurements were 
conducted on at least five 1 × 1 µm
2
 squares for each sample. The mean coefficient of friction 
acquired at the centres of these squares was 0.020 ± 0.001, which is in good agreement with the 
coefficient determined for the unpatterned PMPC brush layer grown from the fully deprotected 
silane film. This suggests that the brush grafting density is comparable in each case.  
 
Figure 2. (a) SPM height image of a micropatterned PMPC brush layer in water; (b) cross-section 
analysis corresponds to the black line. The observed height variation between the two gray dashed 
lines is caused by the difference in PMPC brush grafting density.  
Nanopatterned brushes 
Nanometer-scale patterns were fabricated on NPPOC-protected silane films using scanning near-
field photolithography. A cantilever-based scanning near-field optical microscope (SNOM) probe 
was used that had a hollow square pyramidal tip with an aperture at its apex. The probe was traced 
across the sample surface, causing UV photodeprotection of NPPOC-APTES to generate a series of 
lines. The scan frequency was maintained at a constant value, and the length of the line traced by the 
probe was increased monotonically. After polymer growth by ATRP, the sample was imaged using 
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SPM (Figure 3a shows a representative SPM image). A total of 15 lines were generated: the line 
length was increased, while maintaining a fixed scan frequency, leading to a progressive increase in 
the scan speed. The tip speed followed the sequence 10, 20, 40, 60, 80, 100, 125, 150, 175, 200, 250, 
300, 400, 500, and 1000 nm s
–1
 from left to the right to generate the desired pattern. The laser 
pathway was blocked temporarily before the probe returned to the origin (marked by the arrow) to 
confirm that deprotection was achieved by photochemical removal of the protecting group, rather 
than by physical contact (scratching) of the SNOM probe. It is worth noting that both micro- and 
nanopatterned samples were prepared with the same polymerization time and in the same reaction 
vial to ensure consistencywhich warrants a direct comparison between the two sets of brushes. 
The mean feature width is progressively reduced from left to right in Figure 3a. This is because, as 
the line length increases, there is a concomitant increase in the scan rate that effectively controls the 
UV exposure time (e.g. doubling the scan rate halves the probe dwell time at each point along the 
feature). Thus the extent of UV exposure is reduced as the scan rate is increased, leading to 
deprotection of a smaller fraction of the NPPOC groups. Consequently, a less densely-grafted brush 
was formed vis surface-initiated ATRP. The reduced contrast from left to right in Figure 4a reflects 
progressively lower heights, indicating that a systematic reduction in initiator site density leads to a 
lower brush grafting density, as expected. 
Figure 3b shows the the mean exposure used for each feature, based on the aperture size, laser 
input power, and SNOM tip velocity, where it intersects the black line drawn in Figure 3a. Figure 3c 
shows the variation in height along the black line: there is a gradual reduction in feature height that 
correlates closely with the reduction in UV exposure indicated in Figure 3b. Finally, each brush line 
was then imaged individually and its height was determined at more than ten locations. Mean 
heights for each line are shown in Figure 3d, with line widths ranging from 1000 nm (for the shortest 
line) to 100 nm. Clearly, the heights indicated in Figure 3d correlate closely with those depicted in 
Figure 3c. The tallest features have similar heights to those of the micropatterned brush shown in 
Figure 2. This suggests that the tallest lines comprise brush-like chains, which is the case for the 
majority of the microstructures shown in Figure 2. As the scan rate is increased, the brush height is 
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smoothly reduced. This suggests a smooth continuum in behavior at lower grafting densities, rather 
than an abrupt brush-to-mushroom transition. 
 
Figure 3. (a) SPM height image obtained for a nanopatterned PMPC brush acquired in water (arrow 
indicates the starting position of the SNOM probe); (b) calculated UV irradiation dose; (c) cross-
section analysis corresponds to the black line; (d) mean height averaged over at least  ten locations; 
as a function of the relative distance of each brush line. Error bars are not shown but are similar in 
magnitude to the dimensions of the symbols used in the graph. 
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Figure 4. Mean coefficients of friction as a function of PMPC brush height, acquired using a sharp 
tip (SNL cantilever) or a blunt tip (MLCT cantilever). The dashed line corresponds to the mean 
coefficient of friction determined for a macroscopic PMPC brush. Error bars correspond to the 
standard error values for the experimental results.  
Friction measurements were conducted in water. In this solvent, PMPC chains are highly hydrated, 
which favors a brush-like conformation.
33
 To examine how the contact area between an SPM probe 
and the PMPC brush affects the friction measurement, SPM cantilevers of varying tip radius were 
utilized. The tip radii of SNL and MLCT cantilevers are 9.7 ± 0.5 and 56 ± 5 nm, respectively, as 
determined by moving each probe along a calibration grid. Figure 4 shows the coefficients of 
friction acquired as a function of brush height and brush grafting density, with the latter parameter 
increasing from left to right. When a larger tip is used, a lower coefficient of friction is observed at 
higher brush grafting densities, which is consistent with the well-known highly lubricious nature of 
PMPC brushes.
30, 43
 For a brush thickness of 16 nm, the coefficient of friction is very similar to that 
measured for the microstructured polymer brush shown in Figure 2. This is consistent with the above 
suggestion that the grafted PMPC chains adopt a brush conformation for the tallest nanolines. At 
lower grafting densities (feature heights), the coefficient of friction is reduced. It is also noteworthy 
that there is a smooth relationship between the coefficient of friction and the feature height: there is 
no sharp transition from the brush (16 nm height) to the mushroom (2 nm height) regime. This 
gradual evolution is consistent with the brush height data. 
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The deformation energy of a molten polymer brush has been studied,
44
 and it was found that the 
force required to produce local deformation using a blunt AFM tip depends on the tip radius (R), the 
mean degree of polymerization of the brush (ε), and the brush height (h0) by  
F ≈ −
192ε 3R2µ0
π 2h0
3
. (3)
 
In contrast with the FFM data obtained using a blunt probe, a slight increase in the coefficient of 
friction was observed for taller lines when using a sharp tip. This is because the brush contact area is 
reduced for a sharp probe, so the number of chains within the contact area is reduced; the probe 
penetrates between adjacent chains and the lubricious effect of the highly hydrated chains is lost. 
Only when the contact area is larger (ie where the contact area comprises multiple chains) does the 
effect of the higher osmotic pressure become significant. 
Previous studies by various groups
21, 33-34, 43
 have shown that a 90/10 v/v ethanol/water mixture is 
a non-solvent for PMPC. In this environment, the dehydrated chains adopt a collapsed conformation, 
leading to a substantial reduction in the brush thickness. Moreover, FFM measurements on PMPC 
brush layers in various solvents confirmed that the coefficient of friction is directly related to the 
conformation of PMPC chains.
21
 Figure 5 shows data obtained for the first four (widest) brush lines 
acquired when immersed in a 90/10 v/v ethanol/water mixture. In contrast to the brush behavior 
observed in pure water, the coefficient of friction depends less strongly on the brush grafting density 
in this solvent mixture. This is because the tip is able to deform desolvated PMPC chains much more 
readily, thus providing a wide range of energy dissipation pathways via chain deformation and 
enhanced plowing. Such solvent-responsive behavior could be a key factor in nanofabrication, e.g. 
for regulating fluid flow.
45-46
  
Page 16 of 20
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 17 
 
Figure 5. Coefficients of friction acquired on the first four PMPC lines when immersed in water 
(which produces highly extended brushes), or in a 90/10 v/v ethanol/water mixture (which produces 
collapsed brushes). 
 CONCLUSIONS 
Deprotection of nitrophenyl-functionalized silane films on both unpatterned and patterned planar 
substrates has been achieved. Subsequently, surface-initiated ATRP of MPC was performed to 
construct a library of biocompatible brushes of variable grafting densities. The efficacy of near-field 
lithography for the fabrication of nanopatterned brushes using a photodeprotection strategy based on 
selective UV irradiation has been demonstrated. The mechanical properties of the resulting brushes 
were examined on different length scales. Nanostructured brushes behave similarly to conventional 
brushes, with the former system also offering unique potential for nanofabrication.  
The quantitative correlation between coefficient of friction measured and height of nanopatterned 
feature demonstrates that friction force microscopy could be a unique approach to examine polymer 
brushes with nm-scale spatial arrangement. Furthermore, frictional properties of polymer brushes 
would be another means to reflect the conformational change of polymeric chains in liquid 
environment.  
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